ABSTRACT
INTRODUCTION

1
The macroscopic fundamental diagram (MFD) is the upper bound in the macroscopic flow-density The results show that the level of inhomogeneity is lower in Lucerne than in the three areas 1 of the network of London that we investigate. Moreover, we show that in the case of London, the 2 capacity of the system could be increased by around 20%, under the assumption that all links 3 behave in a similar manner as the 50% best links. Additionally, we illustrate how the proposed 4 methodology estimates the critical density accurately for Lucerne, even when no congested 5 branch of the MFD is available. All things considered, this new methodology promotes the 6 concept and the use of the MFD in real world applications.
7
The remainder of this paper is organized as follows. The next section introduces the re-8 sampling approach, then we present and discuss the two available data sets in detail. Thereafter 9 we show the empirical results. Conclusions are given at the end.
10
METHODOLOGY
11
Re-sampling the MFD
12
This section introduces the re-sampling method, which later will be used to estimate the critical all points on the upper bound represent the most homogeneous traffic states.
18
As an illustration, consider an urban road network in and around a central business district set of roads without the need to filter the most homogeneous links manually or apply a more 25 complex partitioning (which usually assumes spatial contiguity of the partitioned regions).
26
The urban road network of a city is given by N directed links, where N refers to all the 27 monitored links (i.e. N might be any number covering between 0 and 100% of the links in the 28 network). The length of each link i is known as l i . Following Geroliminis and Daganzo (18) , 29 the MFD is given by the length-weighted means of flow q, and density k, q = i q i l i / i l i and 30 k = i k i l i / i l i , respectively. As previously discussed, under real conditions a network might 31 not be homogeneously congested, and some links might be more congested than others. If these 32 form a connected subgraph in the road network, we could partition the network as for example in resources, leading to Ω C.
40
The intuition behind this statistical sampling is simple. 
RESULTS
40
In this section, we present the results of the re-sampling methodology using the data described 41 above. Whitechapel, Chelsea, and Fulham (London) all in the respective aggregation interval (see Table   4 1 schemes and other applications demanding a long-term invariance.
21
Estimating the level of inhomogeneity 22 We will now discuss the first application of our re-sampling method. We follow the approach 23 as outlined in the previous section. For the re-sampled MFDs we choose a total of 10 sample 24 sizes (10% -100% of the full sample), and the number of draws without replacement Ω is set to 25 500. As an example, we randomly select 20% of the loop detectors of a region, create the MFDs 26 thereof, and repeat this 500 times re-selecting another 20% of loop detectors each time. We then 27 find the stable upper bound from the joint set of the 500 samples and derive its capacity. in London introduced in Figure 1 . As expected, the lower the sample size, the higher the relative 31 difference is. We attribute this to the fact that with smaller sample sizes, it is easier to identify 32 combinations of roads that exhibit a behavior exceeding the average in terms of vehicle flow, e.g. there is no need to apply our method for identifying the critical density. For this analysis, the 24 MFD in Figure 2 (a) serves as the reference MFD. The experimental set-up is similar to the 25 previous section, but now we focus on the critical density instead of the capacity.
1
We choose a total of 4 sample sizes (20%, 40%, 60% and 80% of the full sample), and the 2 number of draws without replacement Ω is set to 500. For a sensitivity analysis we also vary the 3 observation period for each MFD estimation using either 1, 3, or 6 consecutive day(s). These 4 observation periods do not include weekends. In order to apply the methodology to days where 5 congestion is highly unlikely, we further included weekend days (Saturday and Sunday) as an 6 observation period. We then try to determine the critical density for each of the estimated MFDs.
7
As an example, we randomly select 20% of Lucerne's loop detectors, create the MFDs thereof,
8
and repeat this 500 times re-selecting another 20% of loop detectors each time for every set of 1, 9 3 and 6 consecutive day(s) and the weekends. Notice that not every MFD shows a decreasing 10 branch, thus it is not possible to properly determine a critical density for every estimated MFD.
11
We assume that the determined value of the critical density is valid only when the MFD shows 12 a decrease in flow of at least 30 veh/h (around 5% of the capacity in the observed cases) for 13 densities higher than the determined value of the critical density. Figure 4 shows the results percentage of days where we can properly determine the critical density increases significantly.
20
As a matter of fact, we can effectively determine the critical density over 75% of the time when 21 the sample size is 20% or lower and the number of available days is 1, 3 or 6 workdays. In 22 addition, and not surprisingly, the more days we include in the estimation of the MFD, the more 23 likely we are to observe a valid critical density. For example, if we had only 1 day of data, then 24 an estimation of the critical density would only be possible during 5% of all days (13 days) using 25 the full sample (100% sample size), whereas if we had 3 days of available data, we could estimate 26 the critical density in 17% of all cases. For the weekend days as observation period, we find that
27
it is possible to increase the fraction of valid estimations from 2% up to around 45% when we 28 consider a sample size of 20%. Some of the weekend days do not show any signs of congestion,
29
even at a link level. Thus, it is not possible to estimate the critical density for such days.
30
These results show how our re-sampling methodology can effectively increase our ability to 31 determine the critical density, even when only limited data is available, e.g. when no clearly 32 congested branch is apparent in the MFD. The analysis of the weekend days, however, show that 33 the network must be at least loaded with traffic to some extent, in order for our methodology to 34 work.
35
Given that it is possible to determine a critical density for a given day, Figure 4 (b) Errors in the critical density estimation using the re-sampling methodology for an observation period of 1 day.
FIGURE 4 Results for the critical density estimation.
As a further validation, we compared the error distributions from the full sample and the 1 re-sampling method using a Kolmogorow-Smirnov test. We found a high p-value (0.4) for all 2 sample sizes indicating that they all come from the same distribution of errors. method presented in this paper is very promising for different application purposes of the MFD.
3
DISCUSSION AND CONCLUSIONS
19
It is easy to use, requires only very few inputs, and is robust against a potential placement bias in 20 loop detector data. 
